The positive effects of head and neck radiotherapy in the treatment of neoplasias are already well known and the current challenge in this field is the evolution of this treatment, in association with a better quality of life, in order to avoid side effects. Head and neck radiotherapy may result in early side effects such as mucositis, candidiasis, xerostomy and caries, as well as late effects such as osteoradionecrosis. 1 Osteoradionecrosis (ORN) is characterized by the absence of vitality in the irradiated bone, which may be exposed through the superjacent mucosa and/or skin, with no signs of repair or of primary or recurrent neoplasia and metastatic lesions over a 3 month period.
surface of the bone 5 and endarteritis which could lead to hypoxia and hypovascularization in the affected bone tissue. 4 Recent advances in this field suggest that the exposed bone suffers fibroatrophy caused by a deregulation in fibroblastic activity, as well as endothelial cell injury, free radical production and inflammatory cytokine release, resulting in a hypocellular bone with little extracellular matrix formation. [6] [7] [8] The risk of developing head and neck ORN rests on the primary neoplasia site and its grade, the proximity of the tumor to the bone and the bone to the irradiation field, nutritional state, association with chemotherapy, acute trauma during surgical procedures, and the utilization of inadequate prosthetic devices in the oral cavity sites. 9 An increased risk of ORN in humans has been observed at doses higher than 60 Gy, 10 but other authors have demonstrated that doses equal or inferior to 50 Gy can favor its occurrence. 11 ORN can be treated conservatively, using antibiotic and hyperbaric oxygen therapies, but aggressive cases are a clinical challenge that may include substantial surgical resection. [12] [13] [14] Mesenchymal stem cells (MSCs) have been the subject of extensive investigation in the past few decades, including in association with bone regeneration after traumas and neoplasia. They were initially shown to be present in bone marrow, but they can also be found at other sites such as spleen, umbilical cord, liver, muscles, dental pulp, blood and adipose tissue. 15, 16 Stem cells from bone marrow are widely used mainly because they are easy to obtain and can differentiate into several cell types such as osteoblasts, chondroblasts and adipocytes. 17, 18 It has also been suggested that MSCs possess antifibrotic, proangiogenic and immunomodulatory properties, and are thus suitable as therapeutic agents. 19 Investigations into MSC therapies in individuals with osteoarthritis, cartilage defects and metabolic diseases have been described, with promising results. 20 Jin et al 21 observed in an animal model of ORN that a combined application of rat (r)MSCs and bone morphogenetic protein (BMP)-2 led to improved bone healing after post-irradiation dentoalveolar trauma in rats compared to BMP-2 applied alone. Other positive results showing increased bone deposition or preservation after the application of human adipose tissue-derived stem cells (ADSCs) to an induced mandibular osteoradionecrosis model in rats have been demonstrated using histological and radiological evaluations. 14 However, there are few reports of investigations demonstrating the effects of cell therapy after irradiation in bones other than femur and mandible. Thus, our hypothesis was that osteoblastic cell therapy in calvaria defects after local irradiation may favor bone neoformation and reduce its side effects.
| MATERIAL S AND ME THODS
The experimental protocol was approved by Ethics Committee for Animal Experimentation of the University of São Paulo, Ribeirão Preto, São Paulo, Brazil (permit number 2015.1.765.58.5). All applicable institutional and/or national guidelines for the care and use of animals were followed. Thirty-six Wistar male rats weighing approximately 300 g were subjected to irradiation previously to calvaria surgical defects (n = 18) or served as controls (n = 18). The rats were previously subjected to surgery to achieve similar calvaria defects.
Another 4 Wistar male rats were used for collection of femoral bone marrow cells to characterize osteoblastic phenotype after chemical differentiation and to obtain cells to treat the defects. The animals were selected from the Central Vivarium of the University (USP-Ribeirão Preto) and were kept in polyethylene boxes with three animals per box. The temperature was maintained between 23 and 24°C and the boxes were lit for 12 hours per day. Throughout the experiment, the animals received a standard solid diet and water ad libitum.
| Cell culture for osteoblastic phenotype characterization
Mesenchymal bone marrow cells obtained from femur medullary canals of four male rats were cultured in basal growth medium α-MEM (Gibco) supplemented with 10% fetal bovine serum (Gibco), 0.3 µg/mL fungizone (Gibco) and 50 µg/mL gentamycin (Gibco).
After reaching subconfluence, the cells were seeded into 24-well cell culture plates at a concentration of 2 x 10 4 cells per well, and divided in two experimental groups. Group 1 was cultured in basal growth medium (MEM) and group 2 was cultured in osteogenic medium (MTS), ie MEM with the addition of 10 −7 M dexamethasone (Sigma), 5 µg/mL ascorbic acid, and 2.16 g/mL β-glycerophosphate.
Cells were maintained in a humidified atmosphere at 37°C with 5% CO 2 , and medium change occurred every 3 days. The osteoblastic phenotype characterization was performed as described in the following sections.
| Alkaline phosphatase (ALP) activity
After 10 days of cell culture, the medium was removed from the plates and the wells were washed three times with PBS (Gibco) heated to 37°C. The wells were then filled with 1 mL of 0.1% sodium lauryl sulfate solution (Sigma) for 30 minutes. ALP activity was determined as the release of thymolphthalein by hydrolysis of the substrate thymolphthalein monophosphate, using the commercial kit (Labtest Diagnostica SA, Lagoa Santa, MG, Brazil) and following the manufacturer's instructions. The absorbance was measured in a spectrophotometer (Bio-Tek) (590 nm). The activity was normalized to total protein content.
| In situ ALP detection
In situ ALP detection was also performed after 10 days. Cells were washed twice with PBS at 37°C. Then, 320 mg of Trizma® Pre-set crystals (Sigma-Aldrich) were dissolved in 20 mL of deionized water.
From this solution, 18 mL were added to 2 mL of dimethylformamide (Merck) with 8 mg Naphthol (Sigma-Aldrich). This was followed by addition of 7 mg of Fast Red reagent (Sigma-Aldrich) to the final work solution. Finally, cells were incubated in 1 mL of this solution in a humidified atmosphere at 37°C with 5% CO 2 for 30 minutes and then removed from the wells for subsequent analysis.
| Mineralized matrix formation
The detection of mineralized nodules was performed after 21 days by means of Alizarin Red S (Sigma-Aldrich) staining for areas rich in calcium. Attached cells were fixed in 10% formalin at 4ºC, for 2 hours. After fixation, specimens were dehydrated through a graded series of alcohol solutions, followed by staining with 2% Alizarin Red S, pH 4.2, for 10 minutes. The calcium content was evaluated using a previously described colorimetric method. 22 where E = electromagnetic radiation energy in joules; h = 6.62 × 10 −34 Js (Planck constant); f = frequency of electromagnetic radiation in hertz.
| In vivo irradiation
We can state that the maximum frequency of X-ray beams produced by the equipment was 1.45 × 10 21 Hz. 
| Surgical procedure for producing calvaria defects

| MicroCT morphometric analysis
| Histological processing
Calvaria samples containing the defect site (n = 4) were collected and fixed in buffered (pH 7) 10% formaldehyde solution for 24 hours. The specimens were then washed in running water and decalcified with a solution containing 10% EDTA for 30 days.
This solution was replaced every 2 days and neutralized with 5% sodium sulfate. The specimens were then dehydrated in a series of increasingly concentrated ethanol solutions: 70% overnight, then 80%, 85%, 90%, 95% and finally 100% for 2 hours each. The specimens were then washed with xylol and embedded in paraffin. Longitudinal semiserial sections 6 µm thick were stained with hematoxylin and eosin. The analysis was carried out using a Leica DM4000B light microscope (Leica, Bensheim, Germany) fitted with a Leica DFC310FX camera.
| Statistical analysis
After applying a Shapiro-Wilk normality test, the results were analyzed using analysis of variance (ANOVA) or a Mann-Whitney test, with the level of significance set at 5% (P ≤ 0.05), using the software GraphPad Prism.
| Cell culture for osteoblastic phenotype characterization
Bone marrow cells cultured in osteogenic medium (MTS) showed an increase in alkaline phosphatase activity ( Figure 1A ) and its in situ detection ( Figure 1B ) after 10 days. Qualitative evaluation of mineralized matrix formation after 21 days also demonstrated a higher deposition of calcified nodules in the group in contact with osteogenic medium ( Figure 1C ).
| Histological analysis
Fragments of calvaria surrounding the defects were submitted to qualitative analysis after histological processing. The control group (C) showed bone from the remaining borders, delimited by active osteoblasts adjacent to mineralized matrix. The defect was partially filled by bone tissue adjacent to connective tissue rich in blood vessels ( Figure 2A ). The control group that received osteoblastic cells (CC) was histologically similar to group C, but with an increase in bone neoformation at the defect borders ( Figure 2B ). The irradiated animals (group IR) showed minimal bone tissue neoformation in the region of the defect, with an osteoclast layer adjacent to resorption areas and few active osteoblasts on the matrix surface ( Figure 2C ).
In contrast, therapy with osteoblastic cells after irradiation (group IRC) promoted an increase in bone neoformation, with an active osteoblast layer on the surface of the bone matrix ( Figure 2D ). Calvaria bone marrow in groups C and CC showed cellularity, and the presence of hematopoietic progenitor cells and megacariocytes ( Figure 3A,B ). This scenario was not observed in the medulla of the IR group, which showed a predominance of adipocytes and few progenitor hematopoietic cells ( Figure 3C ). Cell therapy with osteoblastic cells in the IRC group presented bone marrow similar to control groups ( Figure 3D ).
| Microtomographic (MicroCT) evaluation
The analysis of 3D image reconstruction demonstrated that bone neoformation started from the borders of the defect, with similar morphologies in the control groups ( Figure 4A,B) , minimal bone formation in the calvaria defects of irradiated rats ( Figure 4C ) and significant de novo bone formation after therapy with osteoblastic cells in the IRC group ( Figure 4D ). Quantitative analysis was performed using eight parameters, four of which showed statistically significant differences among the experimental groups ( Figure 5 ). Bone volume was decreased in the IR group, with a significant increase after the insertion of osteoblastic cells (P = 0.0058), similar to that in group C.
Bone surface was significantly decreased in the IR group compared to the control group (C), and the presence of osteoblastic cells significantly increased this parameter, to a similar extent to that in groups C and CC (P = 0.0144). Trabecular thickness showed a significant decrease in the IR group compared to groups C and CC (P = 0.023), and a non-significant increase in the IRC group. Trabecular number also decreased in the IR group compared to all other groups (P = 0.0020), which were similar to each other. Trabecular separation was similar among all experimental groups (P = 0.5762), as was total porosity (P = 0.1469). Despite the absence of statistical significance for connectivity density differences (P = 0.0759), this parameter was increased in IRC group compared to IR and was similar to group C. Open porosity was similar among all experimental groups (P = 0.0793).
| D ISCUSS I ON
The present study demonstrates the benefits of cell therapy in the repair process in calvaria defects in rats submitted to irradiation. The irradiated animals received a single dose of 20 Gy, which is equivalent to a biological dose of 60 Gy in a conventional irradiation fraction protocol in a human being. According to the literature, the risk of bone tissue necrosis occurring in humans starts at 50 Gy. 25, 26 Histological analysis of the irradiated calvaria in the present study revealed osteoblast and osteocyte reduction, a decrease in vascularization, and Osteoradionecrosis in bones such as mandible is commonly associated to periodontal diseases, dental extraction, surgeries and traumas. 9 Thus, studies aimed at creating an experimental model of ORN for evaluating new therapies can also establish protocols for in vivo traumas. In the present investigation, a surgical trauma protocol was chosen in order to create an optimal and repeatable defect size in the calvaria, to develop an experimental model of ORN. 28 Circular bone defects of 5 mm in the calvaria in adult rats were performed in this study as reports show that such defects provide an adequate model for evaluating bone neoformation in the craniofacial region. 29 The experimental period of 30 days in this study was chosen in line with other reports. 30 During this period a layer of osteoblasts on neoformed bone from irradiated animals was observed, while in the irradiated animals only non-calcified connective tissue was present.
Moreover, therapy with osteoblastic cells placed inside the defect after irradiation stimulated bone neoformation.
Other research has demonstrated the positive effect of cell therapy on bone defects, using different types of cells at different bone defect sites. 21, 31 Mesenchymal cells may help in the formation of new bone tissue by stimulating the remaining cells to produce growth factors, 32 a variety of which, eg bone morphogenetic proteins (BMPs), insulin-like growth factor 1 and 2 (IGF1/2), transforming growth factor beta 1 (TGFb1), platelet derived growth factor (PDGF) and fibroblast growth factor (FGF), are produced by osteogenic cells and are functionally involved in bone repair. [33] [34] [35] Our histological analysis showed that irradiation promoted injuries to bone tissue adjacent to the defect border, with resorption areas and disorganized connective tissue, and reduced and adipocytic bone marrow, consistent with other investigations. 21, 28 In vivo studies have shown that radiation may decrease the number of osteocytes, resulting in empty lacunae, and leading to replacement of bone by non-calcified connective tissue. 36 an inhibition of inflammatory T-helper-producing interleukin 17 cells (Th17) and an increase in adaptive regulatory T cells (Treg). 38 Quantitative analysis was performed using computerized microtomography to complement the information obtained by histological analysis. A great advantage of this method is the high number of sections obtained, enabling visualization of differences in the samples and collection of data based on pre-established parameters. It also allows preservation of the samples and reconstruction of 3D images. 39 Nevertheless, analysis of histological sections is also important to provide a precise study of cell morphology, tissue organization and inflammatory infiltrate. Of the eight selected microCT analysis parameters, four-bone volume, bone surface, trabecular number and trabecular thickness-were significantly different in calvaria defects receiving cell therapy after irradiation. The data obtained suggest that the presence of osteoblastic cells stimulated bone neoformation after irradiation, with volume and trabecular architecture changes similar to the control groups used in this study. Other investigations using different cell types also reported an increase of bone neoformation based on microCT analysis. Jin et al 21 
